Abstract. Joint hypermobility syndrome (JHS) (also termed Ehlers-Danlos syndrome, hypermobility type) is a heritable connective tissue disorder which is characterized by generalized joint hypermobility, chronic pain, dizziness, fatigue, and minor skin changes. However, it has yet to be determined in patients with JHS whether specific genetic factors are involved in the risk of developing the disorder. Therefore, interventions have been limited to symptomatic treatments, and biomarkers for diagnosis and therapy have not yet been identified. In the present study, to identify potential serum biomarkers for JHS, we examined proteins with differential levels in sera from patients with JHS and in sera from control individuals using isobaric tags for relative and absolute quantitation (iTRAQ) labeling in combination with nano LC-MALDI-TOF/TOF-MS/MS followed by ProteinPilot analysis. In the sera of patients with JHS, a total of 106 proteins with differential levels were identified, and they were further narrowed down to 6 proteins (p<0.05, patient vs. control). Of the 6 proteins, proteins involved in the complement system including complement C1r subcomponent (C1R), vitronectin (VTN), complement component C9 (C9), and C4b-binding protein alpha chain (C4BPA) were identified as increased proteins in sera from patients with JHS compared with those in sera from controls. We confirmed increased levels of C1R and VTN in sera from patients with JHS by western blot analyses. The results indicate the possibility of a locally occurring inflammatory process in patients with JHS.
Introduction
Joint hypermobility syndrome (JHS) is a heritable connective tissue disorder characterized by generalized joint hypermobility (excessive range of movement in the joints), complications due to joint instability, minor skin changes, and chronic mild to severe pain (1) (2) (3) . Severe complaints such as back pain, myalgias/myofascial pain, dysmenorrhea and fatigue have also been reported in patients with JHS (3). Patients with JHS often fall into social isolation, emotional distress and depression (3) . Collective opinion is that JHS and Ehlers-Danlos syndrome, hypermobility type (EDS-HT) are not mutually exclusive and are in fact clinically overlapping disorders (4).
Zweers et al (5) reported that haploinsufficiency of a non-collagenous extracellular matrix (ECM) molecule, tenascin-X (TNX), is associated with JHS/EDS-HT. Of the 20 heterozygous individuals who exhibited haploinsufficiency of TNX regardless of clinical symptoms, 9 (45%) of the individuals presented with generalized joint hypermobility, recurring joint dislocations and chronic joint pain, as seen in patients with JHS/EDS-HT, whereas 6 (7.5%) of 80 patients with EDS-HT exhibited haploinsufficiency of TNX with significantly reduced serum TNX levels (5) . These findings indicated that haploinsufficiency of TNX is present in but a small subset of patients with JHS/EDS-HT. Therefore, the causative gene in the majority of individuals with JHS remains unknown.
Joint hypermobility is measured by the Beighton nine-point scale (6) . JHS can be defined by the Brighton criteria; the major criteria for this classification include a Beighton score of 4/9 or greater and arthralgia for more than 3 months in more than 4 joints, and the diagnosis is also based on minor criteria including joint dislocation, soft tissue lesions, and abnormal skin (7) . However, at present there is no precise biomarker or reliable diagnostic test for JHS.
The development of proteomic analysis has assisted in comparisons of comprehensive differentially expressed proteins under pathological conditions and controls (8, 9) .
Researchers have successfully applied quantitative proteome analyses using isobaric tags for relative and absolute quantitation (iTRAQ) technology (10), followed by nano liquid chromatography (nano LC)-matrix-assisted laser desorption ionization (MALDI)-time of flight (TOF/TOF)-tandem mass spectrometry (MS/MS) to reveal differentially expressed proteins in lesion tissues and sera of patients with cardiovascular diseases such as aortic aneurysms and aortic valve stenosis. These analyses are valuable, as they elucidated the molecular mechanisms underlying these diseases and/or identified disease biomarkers in both tissue samples (11, 12) and serum samples (13) . However, to the best of our knowledge, proteomic analysis in the field of JHS had not been carried out prior to this research.
In the present study, in order to elucidate the distinct molecular alteration that will lead to the discovery of novel biomarkers in sera of patients with JHS, serum proteins with differential levels in patients with JHS compared with those in healthy individuals were investigated with iTRAQ labeling followed by nano LC-MALDI-TOF/TOF-MS/MS.
Patients and methods
Collection of blood samples from patients with JHS and controls. Blood samples were collected after approval from the Ethics Committee of Nippon Medical School (Tokyo, Japan). Blood samples from patients with JHS and healthy control individuals who came to Nippon Medical School Hospital were collected. The patients and healthy individuals provided written informed consent. Inclusion criteria for this study were based on JHS diagnostic criteria (14, 15) , modified by our experience to include the following: i) generalized joint hypermobility (Beighton score >4), ii) chronic joint pain, and iii) recurring joint dislocations. Clinical profiles of 18 patients with JHS (patient no. 1, 3, 4, 7, 10, 12, 14, 22, 29, 31, 34, 37, 40, 45, 51, 53, 68 and 73) [all were female, aged between 13 and 64 years (average age was 30.7 years)] in this study are shown in Table I . Blood samples were centrifuged at 1,500 x g for 15 min at 4˚C and the plasma layer was removed.
The blood samples for proteomic analyses and examination of correlations of iTRAQ ratios with western blot ratios were collected from 6 patients with JHS (patient no. 1, 4, 10, 12, 14 and 22) (average age, 25.2 years) and 6 control healthy individuals (no. 11, 13, 25, 36, 52, and 60) (all females; average age was 42 years) (Table II (Table Ⅱ) . For control serum mixtures used in proteomic analyses and western blot analyses, sera mixed with equal amounts of 6 and 13 control healthy individuals were used, respectively.
Immunodepletion of abundant serum proteins. Fifty microliters of serum was first processed with an albumin and immunoglobulin (IgG) depletion SpinTrap column according to the manufacturer's instructions (GE Healthcare, Buckinghamshire, UK) and also according to our previous study (13) to remove the two major serum proteins, albumin and IgG. Thereafter, the serum samples were equilibrated with 50 mM triethylammonium bicarbonate (TEAB; Sigma, Tokyo, Japan) using Spin-X UF concentrators (Corning, Tokyo, Japan). Protein concentration was then determined using a bicinchoninic acid (BCA) protein assay reagent (Thermo Fisher Scientific, Rockford, IL, USA).
Trypsin digestion, iTRAQ labeling, strong cation exchange (SCX) chromatography, and nano LC. Sample preparation was performed according to the manufacturer's instructions (AB Sciex, Foster City, CA, USA) and according to our previous study (13) . In order to investigate the differentially expressed serum proteins between a mixed sample of control healthy individuals and each sample taken from patients with JHS, 100 µg of the mixed sample consisting of sera of 6 control healthy individuals and an equivalent amount of each sample from the 6 patients with JHS were denatured by sodium dodecyl sulfate (SDS) and reduced by tris-(2-carboxyethyl) phosphine (TCEP), followed by cysteine alkylation with methylmethanethiosulfonate (MMTS). Subsequently, each sample was digested by trypsin (AB Sciex). Each digest was labeled with a different iTRAQ tag by an iTRAQ reagent multiplex kit (AB Sciex). iTRAQ label 114 or 115 was used for labeling the control mixed sample, whereas iTRAQ label 116 or 117 was used for each of the samples from patients with JHS. The labeled control mixed sample and sample from patients with JHS were combined. Subsequently, the combined sample was fractionated into 6 fractions by SCX chromatography according to the manufacturer's instructions (AB Sciex). Subsequently, each fraction was desalted by a Sep-Pak C18 cartridge according to the manufacturer's instructions (Waters, Milford, MA, USA). Further fractionation of each fraction from SCX chromatography to 171 spots was undertaken while mixing directly with a matrix [4 mg/ml alpha-cyano-4-hydroxycinnamic acid (CHCA); Wako, Osaka, Japan] with a DiNa nanoLC system (KYA Technologies, Tokyo, Japan) according to the manufacturer's instructions and our previous study (13) . Subsequently, the spots were placed on an Opti-TOF LC/MALDI 384 target plate (AB Sciex) using a DiNa MaP fraction collector (KYA Technologies). Similarly, as a control in order to examine differentially expressed serum proteins between the mixed sample of control healthy individuals and each sample of the control individuals, the same experiments were also undertaken using these samples.
MALDI-TOF/TOF MS/MS analysis.
The spots were anal yzed on a 5800 MALDI-TOF/TOF MS/MS analyzer with TOF/TOF Series software (version 4.0; AB Sciex) to obtain MS and MS/MS data according to the manufacturer's instructions. The peptide data obtained from 5800 MALDI TOF/TOF MS/MS were analyzed with ProteinPilot™ 3.0 software using the Paragon protein database search algorithm (AB Sciex) (16) . Search results were filtered for a global false discovery rate (FDR) of 5%, employing a decoy search strategy which utilized a reverse database constructed by AB Sciex (version 20081216, 40,978 entries). In the present study, the statistical analyses for iTRAQ were undertaken using ProteinPilot software (AB Sciex).
Panther classification analysis. In the present study, the Panther system (version 9.0) (http://www.pantherdb.org/) was used for protein classification analyses, as previously described (17) . The statistical analyses of protein classification were performed with a statistical overrepresentation test using Panther software. The annotations of proteins were acquired from the UniProt database (http://www.uniprot.org/) and mentioned based on our knowledge.
Western blot analysis.
Western blot analyses were completed as described in our previous study (18) . Briefly, albumin/IgG-immuno depleted serum samples and crude sera for western blot analyses of vitronectin (VTN) and complement C1r subcomponent (C1R) were electrophoresed through SDS-polyacrylamide gel (SDS-PAGE), and the proteins were then transferred onto Hybond ECL nitrocellulose membranes (GE Healthcare Japan, Hino, Japan). The amounts of albumin/IgG-immunodepleted sera (µg) and crude sera (µl) used for each analysis were as follows: VTN (10 µg and 0.75 µl) and C1R (10 µg and 0.5 µl), respectively. The membranes were reacted with a rabbit polyclonal anti-VTN antibody (dilution 5,000) and rabbit polyclonal anti-C1R antibody (dilution 2,500) (both from GeneTex, Irvine, CA, USA). The membranes were then reacted with donkey IRDye 680-conjugated anti-rabbit IgG (H+L) (dilution 5,000; LI-COR, Lincoln, NE, USA), followed by visualization using the infrared imaging system Odyssey (LI-COR). The intensity of each band that reacted with a corresponding antibody was measured for densitometric analysis of each protein level. To confirm equal levels of proteins per lane, nonspecific proteins were stained with Coomassie Brilliant Blue (CBB).
Statistical analysis. Data from triplicate experiments were subjected to unpaired Student's t-test for statistical significance. A 
Results

Proteomic analyses of serum proteins with differential levels in patients with JHS and in healthy control individuals.
Protein levels in serum from each of the patients with JHS were compared with mixed sera of the 6 healthy control individuals using iTRAQ labeling coupled with nano LC-MALDI-TOF/TOF-MS/MS followed by ProteinPilot analysis. Relative quantitation by ProteinPilot analysis was based on statistical analysis, as previously described (16) . We set global FDR to 5%. The average iTRAQ ratios of peptides in sera of patients with JHS and those in sera of mixed control individuals were calculated. Aside from albumin and Ig family members, a total of 106 differential level proteins found in the sera of 6 patients with JHS were identified in at least one patient's serum compared with those in the mixture of the sera from 6 control individuals (data not shown). Of these proteins, 64 differential level proteins were identified as being in common with the sera of at least 4 patients, with an unused ProtScore of ≥3.4 (99.96% confidence) (data not shown). Subsequently, we examined the differential levels of the 64 identified proteins in the 6 healthy control individuals. Finally, 6 of the 64 proteins were identified as proteins with significantly different expression level in patient sera than in the sera of control individuals (p<0.05, JHS patient group vs. control group). In Table Ⅲ , the six proteins [complement C1r subcomponent (C1R), apolipoprotein B-100 (APOB), VTN, complement component C9 (C9), C4b-binding protein alpha chain (C4BPA), and transthyretin (TTR)] are listed in order of iTRAQ ratios.
Classfication analyses of the six identified proteins.
We examined the functional classification of each of the six identified proteins in sera of patients with JHS with Panther protein class analyses and Panther software, which sorts the proteins into respective classes based on their biological functions (Fig. 1) . Defense/immunity proteins (p= 0.00018) including complement components (C1R, C9 and C4BPA), hydrolase/protease including serine protease (p= 0.0073) (C1R, C9 and C4BPA), and transfer/carrier proteins (p=0.028) (C9, C4BPA and TTR) were found to be statistically significant. VTN had previously been shown to be involved in the complement system: it acts as a potent inhibitor of complement activation by forming an inactive terminal complement complex, C5b-9 (19) . Therefore, we suggest that at least four proteins (C1R, VTN, C9 and C4BPA) of the six identified proteins participate in the complement system.
Confirmation of iTRAQ ratios by western blot analysis.
To validate the accuracy of quantitative results for the differentially expressed proteins that were identified, we focused on VTN and C1R due to their high iTRAQ ratios among the six proteins, as shown in Table Ⅲ , and the participation of both proteins in the complement system. We quantified again VTN and C1R with an iTRAQ quantitative ratio by western blot analyses and investigated the correlations between iTRAQ ratios and relative quantitative ratios by western blot analyses (Fig. 2) . The levels of VTN (iTRAQ ratio=1.23) and C1R (iTRAQ ratio=1.40) in albumin/IgG-immunodepleted serum samples of each of the 6 patients with JHS and the 6 control individuals used for iTRAQ analyses were examined by western blot analyses (Fig. 2A) . Subsequently, the ratios of levels of VTN and C1R in these samples compared with those in the mixed control samples (1.0) were determined by examining band intensity, and the mean value of each group, as shown in Fig. 2B . We noted that relative quantitative ratios of the samples of patients with JHS compared to the mixed control samples were 1.85-fold for VTN and 1.63-fold for C1R. In addition, the correlations between iTRAQ ratios and western blot ratios of each JHS and control sample compared to the mixed 6 control samples were investigated (Fig. 2C) . Both proteins demonstrated a tendency for positive correlation (VTN, n=12, r= 0.51, p= 0.094; C1R, n=9, r= 0.77, p= 0.015). These results indicated that iTRAQ ratios are almost consistent with quantitative results obtained by western blot analyses.
Verification of increased levels of VTN and C1R in patients
with JHS compared with other sera. To further confirm the increased levels of VTN and C1R in sera of patients with JHS compared with those of control individuals, we performed western blot analyses using sera of 12 other patients with JHS and compared them with sera of 7 other control individuals, in addition to the sera of each of the 6 patients with JHS and control individuals which were used for the proteomic analyses. As a result, we confirmed increased levels of VTN and C1R in the sera of patients with JHS compared with those from the control individuals by western blot analyses (Fig. 3A) . The ratios of levels of VTN and C1R in the sera of 18 patients with JHS compared with those in the mixed sera of the 13 control individuals (1.0) were measured by the intensity of each band, and mean ratios of the two groups were 1.68-and 1.11-fold, respectively (Fig. 3B) . These results confirmed the increased levels of VTN and C1R in sera of other patients with JHS compared with those of control individuals.
Discussion
The molecular defect underlying JHS/EDS-HT remains largely unknown, and TNX has been identified as a gene in only 5-10% of patients with JHS/EDS-HT (5). As for serum disease markers for JHS, to the best of our knowledge, no attempt has yet been made to identify markers. In the present study, using iTRAQ labeling followed by nano LC-MALDI-TOF/TOF-MS/MS analysis, we determined the proteomic profiles of proteins with differential levels in sera of patients with JHS and in control individuals. Consequently, we identified six proteins, including four proteins involved in the complement system as proteins with differential levels in sera from patients with JHS and control individuals.
The complement system is not only involved in host defense recognition and the elimination of potentially harmful exogenous and endogenous microbial pathogens but also in different forms of acute and choronic inflammatory diseases such as sepsis and rheumatic disease. Previous research has revealed a fascinating interplay between the complement system and inflammatory network (20) . C3a and C5a are known to be crucially involved in inflammatory responses. Activation of the complement system has been shown to be related to the pathogenesis of inflammatory arthritis and articular injury (21) . However, the possible involvement of the complement system in the development of JHS remained unclear. In the present study, four proteins, C1R, VTN, C9 and C4BPA, were identified as proteins with differential levels in sera of patients with JHS and control individuals. Inflammation associated with joint instability, degenerative joint disease, and chronic pain is common in patients with JHS. C1R, which is a component of C1, is the serine protease responsible for intrinsic activation of the C1 complex of complement. It has been previously reported that C1R is synthesized and secreted in tissue and primary cell cultures of synovia from patients with rheumatoid arthritis, indicating the involvement of C1R in the inflammatory process in rheumatoid arthritis (22) . VTN is a plasma multifunctional glycoprotein which is implicated in cell migration, blood coagulation, fibrinogenesis, the inflammatory process, and also membrane attack complex (MAC) formation. VTN binds directly to the C5b-7 complex and C9, with distinct binding sites on VTN (23) . VTN also acts as an inhibitor of the cytolytic reactions of MAC. Notably, VTN and C9 have been identified as the differential level proteins in the sera of patients with JHS in the present study. It has previously been reported that C9 deposition was noted in the synovial vasculature of patients with acute arthritis and rheumatoid arthritis (24) . In addition, it should be noted that C4BP is a potent circulating soluble inhibitor of the classical and lectin pathways of the complement system (25) . C4BPA binds to C4b, and this interaction inhibits the complement activation pathway by reducing the formation and stability of C4bC2b (C3 convertase). Intriguingly, it has been shown that C4BP lacking the β-chain (α 7 β 0 isoform) induced a semimature and anti-inflammatory state in dendric cells activated by a pro-inflammatory stimulus (26) .
Certain components of the local inflammatory response such as cytokines, neuropeptides and complement-related proteins, particularly C3a and C5a, are known to play roles in pain (27, 28) . Local injection of C5a and C3a elicited nociception, and C5a and C3a activate and sensitize cutaneous nociceptors (29) . These results indicated that C5a and C3a are involved in pain. Patients with JHS exhibit chronic pain, distinct from that associated with acute dislocations (3). The changes in expression levels of some complement factors in patients with JHS compared with those in control individuals may contribute to such symptoms of chronic pain.
The six identified proteins include APOB and TTR as well as the four complement-related proteins. Plasma concentration of APOB is known to be a good marker of cardiovascular risk (30) . APOB is a ligand for the low-density lipoprotein (LDL) receptor that participates in cholesterol transport to peripheral tissues and its accumulation in the arterial wall. Increased levels of apolipoprotein A-I (APOA1) and APOB have been observed in patients with osteoarthritis (31) . TTR functions as a carrier for thyroxin and retinol-binding protein (RBP). Wilson (32) has reported that exome analysis of a patient with EDS classical type (type I) revealed three heterozygous mutations in TTR, fibrillin 1 (FBN1), and voltage-gated calcium channel subunit alpha Cav2.1 (CACNA1A) genes.
Our quantitative proteomic strategy employed in the present study allowed for the identification of six potential biomarkers of JHS, four of which are proteins involved in regulation of the complement system associated with inflammation and chronic pain. Our results provide valuable information on The intensity of each band in the sera of18 patients with JHS and of 13 control individuals compared with that in the mixture of sera from 13 control individual (1.0) was determined for ratios of levels of (a) VTN and (b) C1R. The means ± SE of triplicate experiments were calculated, and statistical analysis was performed using the unpaired Student's t-test. * p<0.05.
the underlying mechanisms of JHS and will contribute to the establishment of a method for early diagnosis of JHS and to the development of pharmacological therapies.
In conclusion, to the best of our knowledge, this is the first comprehensive study on differentially expressed proteins in the sera of patients with JHS and control individuals using an approach involving iTRAQ labelling. Proteomic characterization of the sera of patients with JHS revealed increased levels of four proteins involved in the regulation of the complement system. Future work should focus on deciphering the role of each of the 6 potential biomarker proteins identified in the pathogenesis of JHS/EDS-HT.
